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Edited by Jesus AvilaAbstract Benzodiazepines are widely used drugs exerting seda-
tive, anxiolytic, muscle relaxant, and anticonvulsant eﬀects by
acting through speciﬁc high aﬃnity binding sites on some GA-
BAA receptors. It is important to understand how these ligands
are positioned in this binding site. We are especially interested
here in the conformation of loop A of the a1b2c2 GABAA recep-
tor containing a key residue for the interaction of benzodiaze-
pines: a1H101. We describe a direct interaction of a1N102
with a diazepam- and an imidazobenzodiazepine-derivative.
Our observations help to better understand the conformation of
this region of the benzodiazepine pocket in GABAA receptor.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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c-Aminobutyric acid type A (GABAA) receptors are the ma-
jor inhibitory neurotransmitter receptors in the brain. They are
chloride ion channels composed of ﬁve subunits, which are
classiﬁed into six subunit families [1–3]. a1b2c2 is the major
adult receptor isoform [1,2] and its subunit stoichiometry is
2a:2b:1c [4–10]. We concentrated on this major receptor iso-
form.
Benzodiazepines are widely used drugs, which bind to GA-
BAA receptors with high aﬃnity [11]. These molecules are di-
vided in positive and negative allosteric modulators and
antagonists. Mutagenesis studies identiﬁed the cleft between
a and c subunits as the binding pocket for benzodiazepines
[12–14]. a1H101 was identiﬁed as the target of photoaﬃnity
labeling by [3H] ﬂunitrazepam [15] and a1Y209 as the target
of [3H] Ro15-4513 [16]. Pharmacophore modeling attempted
to describe the shape of the binding pocket [17,18].
The benzodiazepine binding site is constituted of six loops
from A to F. The important residue a1H101 forming part of*Corresponding author. Fax: +41 31 631 3737.
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doi:10.1016/j.febslet.2007.08.068loop A has previously been shown to molecularly interact with
diazepam [19] and imidazobenzodiazepine derivatives [20]. We
investigated here the direct surrounding of this residue. For
this purpose, we used the proximity-accelerated chemical cou-
pling reaction. We mutated the four neighboring residues of
a1H101 to cysteine and combined the four mutant receptors
individually with a cysteine reactive diazepam- (NCS com-
pound) or a cysteine reactive imidazobenzodiazepine-deriva-
tive (Imid-NCS compound). We show that both compounds
react covalently with a1N102C and not with the other residues.
Our work suggests that this residue is pointing to the benzodi-
azepine binding pocket.2. Materials and methods
2.1. Synthesis
We used two substances, an imidazobenzodiazepine, Imid-NCS
compound that is similar to Ro15-4513 except that the –N3 group is
replaced by a –NCS group and the NCS compound which derives from
diazepam with the –Cl atom replaced by a –NCS group (Fig. 1). Syn-
thesis and sample preparation for both compounds are detailed else-
where [19,20].
2.2. Transfection of recombinant GABAA receptors in HEK 293 cells,
radioactive ligand binding assay and detection of a covalent reaction
cDNAs, transfection into HEK 293 cells, radioactive ligand binding
assay and detection of a covalent reaction are detailed elsewhere
[19,20]. Basically the latter included (a) incubation of membranes
expressing wild type or mutant receptors with the reactive compound,
(b) extensive washing of the membranes in order to remove non-re-
acted agent, and (c) a radioactive ligand binding assay to determine
residual binding. No covalent reaction would result in 100% residual
binding/0% reaction, and 100% covalent reaction would result in 0%
residual binding/100% reaction. As the eﬃciency of membrane recov-
ery during the whole procedure was found to be quite variable and dif-
fered between two experiments up to 30%, we assumed covalent
reaction when residual binding was below 70% of the controls. In all
experiments, each single sample was measured in triplicate.
2.3. Expression and functional characterization in Xenopus oocytes and
modiﬁcation of receptor function by the Imid-NCS compound
cRNA synthesis, Xenopus laevis oocyte injection and electrophysio-
logical experiments have been previously described [19–23]. Covalent
modiﬁcation of a1N102Cb2c2 receptors by Imid-NCS compound was
tested as follows: after obtaining a reproducible response to the appli-
cation of GABA, the Imid-NCS compound freshly diluted to 1 lM in
perfusion medium was applied for 3 min. Maximal ﬁnal DMSO con-
centration was 0.1% and did not aﬀect the response to GABA in con-
trol experiments. This treatment was followed by several GABA
applications in intervals of 4 min to reach a steady level. Subsequently,
1 lM diazepam was co-applied with GABA to investigate a covalentblished by Elsevier B.V. All rights reserved.
Fig. 1. Chemical structure of the reactive ligands used. Top, diazepam
and NCS compound. Bottom, Ro15-1788, Ro15-4513 and Imid-NCS
compound. Fig. 2. Residual binding after irreversible reaction of NCS and Imid-
NCS compounds with wild type and mutant GABAA receptors. (A)
shows results obtained with 50 lM NCS compound and (B) with
100 nM Imid-NCS compound. Receptors were individually exposed to
one of the reactive compounds for 1 h on ice, the membranes were
extensively washed, and residual binding was subsequently determined
using [3H] Ro15-1788 as radioactive ligand. Data were expressed in
percent of an internal control where the reactive compound was
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calculated as current potentiation after treatment with Imid-NCS com-
pound divided by current potentiation without treatment.absent. Results are shown as means ± S.D. for individual experiment
where each measurement was carried-out in triplicates. The experi-
ments were performed three times when a covalent reaction was
suspected. As explained in Section 2, a covalent reaction was assumed
to take place if residual binding was <70% (indicated by the dashed
bar). Results on a1b2c2 and a1H101Cb2c2 receptors are from [19] for
the NCS compound and [20] for the Imid-NCS compound.3. Results
3.1. Binding properties of the cysteine-reactive compounds and
mutant GABAA receptors
The –Cl atom in diazepam and the –N3 group in Ro15-4513
were replaced with a –NCS group (Fig. 1) such as to create
NCS and Imid-NCS compounds, respectively. The –C atom
of the –NCS group is reactive with cysteine residues. Both sub-
stances were able to displace [3H] ﬂunitrazepam or [3H] Ro15-
1788, respectively from wild type a1b2c2 receptors with an
aﬃnity of 3 lM and 10 nM, respectively [19,20]. Thus, the
chemically reactive molecules retained aﬃnity for the benzodi-
azepine site.
The neighboring a1F99, a1F100, a1N102 and a1G103 resi-
dues of a1H101, were individually mutated to cysteine. These
mutations did not compromise [3H] Ro15-1788 binding. All
four mutated receptors as well as a1H101b2c2 [19] bound
[3H] Ro15-1788 with an estimated aﬃnity between 0.6 and
6.1 nM (data not shown).
3.2. Irreversible reaction of the NCS and Imid-NCS compounds
with mutant receptors at the binding level
The receptors were exposed to 50 lM NCS compound
(Fig. 2A) or 100 nM Imid-NCS compound (Fig. 2B) sepa-
rately, and subsequently non-covalently bound reactive ligand
was removed by extensive washing. The 500-fold diﬀerence in
used concentrations takes into account the apparent aﬃnities
of these ligands for the binding site. The compounds are ex-
pected to ﬁrst reversibly occupy their binding site, then upon
proper apposition of the –SH group of the cysteine of the mu-
tant receptor with the –C atom of the –NCS group from the
reactive agent, a covalent bond between ligand and receptor
is formed. Fig. 2 shows residual binding of a1b2c2 receptors
and mutant receptors. From these data, it may be calculated
that a1H101Cb2c2 and a1N102Cb2c2 receptors reacted cova-
lently with 50 lM NCS compound to an extent of 83 ± 3%
(n = 3) and 53 ± 10% (n = 3) (Fig. 2A), respectively and with
100 nM Imid-NCS compound to an extent of 87 ± 5% [20]and 44 ± 7% (n = 3; Fig. 2B). a1F99Cb2c2 receptors showed
in average 64% residual binding after exposure to NCS com-
pound, which is near the 70% threshold deﬁned in the method
section. As this mutation led to abnormal allosteric properties
towards benzodiazepines (see below), this covalent reaction
was not further investigated.
3.3. Consequences of the mutations a1F99C and a1N102C on
allosteric eﬀects of benzodiazepines
We investigated the functional consequences of the mutation
to cysteine on a1F99Cb2c2 and a1N102Cb2c2 receptors ex-
pressed in Xenopus oocytes. In a1b2c2 receptors, diazepam
allosterically potentiates currents elicited by GABA to a max-
imum potentiation of about 225% and an EC50 of about
100 nM [9], Ro15-1788 acts as an antagonist and Ro15-4513
as a partial negative allosteric modulator [20]. In a1F99Cb2c2
mutant receptors, 1 lM diazepam inhibited the GABA-elicited
current by 15 ± 6% and Ro15-1788 by 33 ± 4% (n = 3 each;
data not shown). This mutation thus severely aﬀects allosteric
properties of benzodiazepines.
Fig. 3 shows the allosteric properties of a1N102Cb2c2 mu-
tant receptors. Diazepam showed an EC50 of 366 ± 33 nM,
about 4 times higher as compared to a1b2c2 receptors, with a
maximum potentiation of 226 ± 69% (n = 4). Ro15-1788 and
Ro15-4513 had small stimulatory eﬀects with a maximum
potentiation of 21 ± 8% (n = 4) and 18 ± 9% (n = 4), respec-
tively. The concentration–response curve of NCS compound
ranging from 30 nM to 30 lM did not lead to saturation
(n = 3). We can only conclude that the apparent aﬃnity is
higher than 10 lM. The Imid-NCS compound potentiated
the GABA-elicited current with an apparent aﬃnity of
16.7 ± 0.8 nM and a maximum potentiation of 63 ± 5%
Fig. 3. Functional modulation by benzodiazepine ligands of
a1N102Cb2c2 receptors. Cumulative concentration–response curves
shown for diazepam (closed circle, n = 4), Ro15-1788 (closed square,
n = 4), Ro15-4513 (closed triangle, n = 4) NCS compound (open circle,
n = 3) and Imid-NCS compound (open triangle, n = 4). GABA was
used at a concentration of 4 lM, which elicited EC25.
Fig. 4. Functional analysis of the action of Imid-NCS compound on
a1N102Cb2c2 receptors. A representative experiment is shown.
a1N102Cb2c2 receptors functionally expressed in Xenopus oocytes
were exposed to GABA (4 lM, EC25, closed circles) every 4 min
before and after exposure to 1 lM Imid-NCS compound for 3 min
(arrow). The response elicited by GABA initially was increased then
decreased over wash out period until a steady level was reached.
Subsequently, 1 lM diazepam was co-applied with GABA (open
circle) and an increase in the amplitude of the GABA-elicited current
was recorded. This increase is smaller to the one obtained in oocytes
not treated with Imid-NCS compound (open square).
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Imid-NCS compounds is partly due to an irreversible reaction
(Fig. 3). These data should be compared with those of
a1H101Cb2c2 receptors [20], Ro15-1788 and Ro15-4513
showed an EC50 of 30 ± 6 and 17 ± 3 nM, respectively and
exhibited small stimulatory eﬀects amounting to 22 ± 11 and
40 ± 2%, respectively (n = 3 for each). The apparent aﬃnity
of Imid-NCS compound was 17 ± 1 nM with a maximum
potentiation to about 90 ± 7% (n = 3). Thus, a1N102Cb2c2
and a1H101Cb2c2 receptors showed similar properties towards
Ro15-1788, Ro15-4513 and Imid-NCS compound.
3.4. Irreversible reaction of the Imid-NCS compound to
a1N102Cb2c2 receptors at the functional level
a1N102Cb2c2 receptors were exposed for 5 min to 20 lM or
50 lM NCS compound. This treatment did neither result in a
stable change of the current amplitude elicited by GABA nor
in a decrease of the eﬀect by 1 lM diazepam (data not shown).
This has to be compared to the results obtained on a1H101b2c2
receptors where exposure to 1 lM NCS compound for 5 s led
to covalent reaction of 25% of the receptors [19,24].
Fig. 4 shows the consequences of exposure of a1N102Cb2c2
receptors to 1 lM Imid-NCS compound for 3 min. This treat-
ment resulted initially in a large potentiation that upon re-
moval of the non-covalently bound Imid-NCS compound
relaxed to 32 ± 6% (n = 3). When 1 lM diazepam was subse-
quently co-applied to GABA, a further increase of the current
amplitude was detected to 112 ± 28% (n = 3). This eﬀect
amounting to about 80% potentiation should be compared
with the one elicited by 1 lM diazepam co-applied with GABA
to oocytes not exposed to Imid-NCS compound that
amounted to 190 ± 38% (n = 6). Thus, potentiation by diaze-
pam is reduced by about 58% after treatment with Imid-
NCS compound. These results demonstrate that 1 lM Imid-NCS compound reacts covalently with part of the
a1N102Cb2c2 receptors, making the corresponding benzodiaz-
epine binding sites inaccessible to other benzodiazepine ligands
such as diazepam. Similar experiments carried out with
a1H101b2c2 receptors showed that after covalent reaction with
Imid-NCS compound current potentiation by 10 lM zolpidem
was reduced by more than 90% [20].
3.5. Comparison of the reaction rates of a1H101Cb2c2 and
a1N102Cb2c2 receptors with the NCS and the Imid-NCS
compounds at the functional level
Reaction rates of a1H101Cb2c2 and a1N102Cb2c2 receptors
with diazepam- and imidazobenzodiazepine-derivatives at the
functional level will be compared in the following. Exposure
of a1H101Cb2c2 receptors to 1 lM NCS compound for 5 s
led to about 25% of the maximum level of the covalent reac-
tion [19,24], whereas no reaction was observed when 50 lM
NCS compound was applied for 5 min to a1N102Cb2c2 recep-
tors (see above). This failure to detect covalent reaction at the
functional level is presumably due to a lower aﬃnity of NCS
compound to a1N102Cb2c2 receptors at room temperature.
Together with the binding data, this indicates that upon occu-
pancy by a diazepam derivative, a1H101C and a1N102C are
both oriented towards the reactive atom of the bound ligand,
although a1N102C is less accessible or more distant than
a1H101C.
Application of about 400 nM Imid-NCS compound for
1 min to a1H101Cb2c2 receptors led to 50% of the maximum
level of the covalent reaction [19]. A similar level was reached
in a1N102Cb2c2 receptors within 3 min of 1 lM Imid-NCS
exposure (see above). Therefore, the rate of the covalent reac-
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times faster as compared to a1N102C. This assumes a similar
aﬃnity of the Imid-NCS compound to a1H101Cb2c2 and
a1N102Cb2c2 receptors. In fact, half maximal stimulation by
the Imid-NCS compound was observed at about 17 nM in
each receptor type (Fig. 3, this paper; [20]).4. Discussion
The residue a1H101 of the a1b2c2 GABAA receptor is
important for the binding of benzodiazepines [25–27] and
has been shown to directly interact with diazepam and imi-
dazobenzodiazepines [19,20,24]. This residue is located in loop
A of the a1 subunit. We were interested in the conformation of
the loop A and focused on four residues neighboring a1H101:
a1F99, a1F100, a1N102 and a1G103. We performed proximity-
accelerated chemical reaction where those four residues were
individually mutated to cysteine and incubated with a diaze-
pam- (NCS compound) or an imidazobenzodiazepine- (Imid-
NCS compound) cysteine reactive derivative. Covalent reac-
tion of the two partners is evidence for apposition of the two
reactive groups. Such results provide information on the orien-
tation of the side chain of a residue respective to the ligand.
The a1H101Cb2c2 receptors have been shown earlier to react
covalently with both of the reactive agents [19,20]. We show
here that at the binding level both NCS and Imid-NCS com-
pounds react irreversibly with a1N102Cb2c2 receptors, though
to a lower extent than a1H101Cb2c2 receptors [19,20]. In addi-
tion, the NCS compound might weakly react with a1F99Cb2c2
receptors. Since allosteric properties were compromised in
these receptors, this reaction was not further investigated.
a1F100Cb2c2 and a1G103Cb2c2 receptors exhibited no cova-
lent reaction with both ligands at the binding level. Whether
or not this indicates that these residues point away from the
binding pocket is not clear. Negative ﬁndings could also arise
if the mutual orientation is unfavorable for a covalent reac-
tion.
We also showed covalent reaction of a1N102Cb2c2 receptors
with the Imid-NCS compound at the functional level. Relative
reaction rates of a1H101Cb2c2 and a1N102Cb2c2 receptors
with the NCS and the Imid-NCS compounds at the functional
level were estimated. It may be noted that in the receptor con-
formation stabilized by imidazobenzodiazepines, a1H101C
and a1N102C are more similarly positioned to the reactive
atom of the ligand than in the conformation stabilized by diaz-
epam.
Our observations are relevant for a modeling of loop A con-
tributing to the benzodiazepine binding site.
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